ABSTRACT Unidirectional calcium influx and efflux were evaluated in cardiac sarcoplasmic reticulum (SR) by 45Ca-"0Ca exchange at steady state calcium uptake in the absence of calcium precipitating anions. Calcium efflux was partitioned into a pump-mediated efflux and a parallel passive efflux by separately measuring passive efflux referable to the steady state. Unidirectional and net ATP-ADP fluxes were measured using [3H]-ATP --ADP and [3H]-ADP --ATP exchanges. Methods are presented that take into account changing specific activities and sizes of the nucleotide pools during the measurement of nucleotide fluxes. The contribution of competent and incompetent vesicles to the unidirectional and net nucleotide fluxes was evaluated from the specific activity of these fluxes in incompetent vesicles and from the fraction of vesicles that were incompetent. The results indicate that, in cardiac SR, unidirectional calcium fluxes are larger than the unidirectional nucleotide fluxes contributed by competent vesicles. Because the net ATPase rate of competent vesicles is similar to the parallel passive efflux, it appears that cardiac SR Ca-ATPase tightly couples ATP hydrolysis to calcium transport even at static head, with a coupling ratio near 1.0.
INTRODUCTION
It has been known for some time that steady state calcium uptake by sarcoplasmic reticulum (SR) is accompanied by a rapid calcium-calcium exchange (Martonosi and Feretos, 1964 ) and rapid ATP-ADP exchange (Ebashi and Lipmann, 1962) . The relation between these exchanges, however, has only recently been investigated. Makinose (1973) first simultaneously measured ATP-ADP exchange and calcium fluxes and found that ATP-ADP exchange was faster than the calcium flux. Comparison of the calcium exchange data of Waas and Hasselbach (1981) with the nucleotide exchange of Ronzani et al. (1979) further confirms that ATP-ADP exchange is faster than calcium exchange. More recently, Takenaka et al. (1982) found in simultaneous measurements that ATP-ADP exchange was about four times as fast as calcium exchange in skeletal SR vesicles. They concluded that ATP-ADP exchange can occur without accompanying Ca-Ca exchange.
There are a number of postulated mechanisms for the Ca-ATPase of skeletal (Inesi et al., 1982; GuimaraesMotta and DeMeis, 1980; Takakuwa and Kanazawa, 1982) and cardiac (Tada et al., 1980) SR. Each of these mechanisms invokes transitions between intermediates of the pump and many of these transitions involve binding or desorption of ligands. The mechanisms mentioned share the feature that ATP binds after outside calcium, while ADP desorbs before calcium desorbs to the internal compartment. This order of ligand sorption and desorption corresponds to Scheme A in the preceding paper (Feher, 1984) . A consequence of this order of ligand sorption and desorption is that ATP-ADP exchange must exceed Ca-Ca exchange, multiplied by 1/n, where n is the coupling ratio. Recent experiments by Ogawa and Kurebayashi (1982) suggest that the order of ligand binding in bullfrog SR is ATP first and Cao second. The relation between calcium and nucleotide exchange could then be somewhat different for bullfrog compared with rabbit skeletal SR. We have investigated nucleotide and calcium fluxes in cardiac SR to determine which ATPase reaction schemes are compatible with the experimental data.
One possible difference between cardiac and skeletal SR is the coupling ratio of calcium transport. The coupling ratio is defined as the ratio of the net rate of calcium accumulation to calcium-dependent rate of ATP hydrolysis during the steady phase of calcium uptake. This issue has been reviewed by Jones and Besch (1979) . Most investigators report an apparent coupling ratio of 1 or less for cardiac SR with the exception of Tada and co-workers, who report a ratio of about 2 (Tada et al., 1974) . On the other hand, the accepted coupling ratio for skeletal SR is 2. We have recently reported an average apparent coupling ratio of 0.68 mol Ca/mol ATP for cardiac SR and 1.34 for skeletal SR (Feher and Briggs, 1983) . In his review, Berman (1982) indicates that nonintegral values for the coupling ratio can be explained by slippage of the pump, passive leaks or a subpopulation of incompletely sealed vesicles. Chevallier and co-workers (1977) noted that a small population of skeletal SR vesicles (18-25%) were inactive with respect to calcium phosphate loading, but were SR vesicles by the criterion of SDS gel electrophoresis. Vesicles made hyperpermeable to calcium by adding calcium ionophores show a diminished ATP-ADP exchange but activated ATPase (Ronzani et al., 1979; Ogawa and Kurebayashi, 1982) . Thus, a small population of incompletely sealed vesicles would make little or no contribution to the calcium uptake while contributing greatly to the net ATPase rate and less to the ATP-ADP exchange.
In a past report we have described methods that allow determination of unidirectional calcium fluxes attributable to the action of the pump (Feher and Briggs, 1983) . In this report we combine these methods with measurements of the unidirectional nucleotide fluxes. We have corrected the fluxes for the contributions made by incompetent vesicles.
MATERIALS AND METHODS

SR Preparation
Vesicles of cardiac SR were isolated from minced canine heart as described previously (Feher and Briggs, 1982 
The total calcium in the reaction bath was estimated by atomic absorption spectrophotometry following extraction of the bath with trichloroacetic acid and HCI (6 and 1% final concentration, respectively). The total calcium associated with the cardiac SR was obtained following Millipore filtration and was calculated from the total 45Ca in the reaction bath and 45Ca in filtrates of the reaction bath.
Diffusional Passive Calcium Efflux (Jp)
Diffusional passive calcium efflux was measured after steady state calcium uptake was reached by quenching the pump-mediated calcium fluxes with 2.5 mM EGTA (ethylene glycol [bis-jl-aminoethyl ether] N,N'-tetraacetic acid) and observing net release of calcium by Millipore filtration. 
The slope of the first-order efflux curve was determined by linear regression on six points obtained after EGTA quench. The initial value (Cat -Cabo) was determined by extrapolating the first-order efflux curve to the time of EGTA addition. The method is illustrated in Fig.  1 B.
Unidirectional Calcium Influx (Jf)
The total calcium influx at steady state, Jf, was estimated from the rate of 45Ca-40Ca exchange as previously described (Feher and Briggs, 1983) . In the calcium exchange reaction, steady state calcium uptake was first achieved in a reaction bath identical to that used to measure steady state calcium uptake except 45Ca was omitted. After steady state was reached, a pulse of 45Ca was added and aliquots of the bath were filtered for determination of 45Ca in the filtrate ( Fig. 1 A and C). Jf was then calculated as described previously (Feher and Briggs, 1983 
B =JNET (t-ttl) + B,, (Bock et al., 1956 ). The initial ADP contamination was estimated by the decrease in absorbance at 340 nm when ADP was coverted to ATP by the coupled enzyme system of pyruvate kinase and lactate dehydrogenase (Warren et al., 1974 
FEHER AND BRIGGS Calcium and Nucleotide Fluxes in Cardiac SR
For the above methods to be valid, we require that the three reaction baths used to determine JNET, JF, and JR be identical. If they are identical, then the distribution of counts between ATP and ADP will asymptotically approach the same value for all three baths. This requirement can be met (Fig. 2 A) . Normally the values of JF and JR are calculated in a region of the curves in which JNET is steady (Fig. 2 B) .
The ATP -ADP flux due to SR Ca-ATPase can be overestimated due to the activity of contaminating adenylate kinase. We evaluated this by the rate of 3H incorporation into AMP by routinely counting the AMP fraction after thin-layer chromatography (Kurebayashi et al., 1980) . The results indicate that the ATP -ADP flux due to adenylate kinase was small. In any case, the adenylate kinase activity would contribute fully to the calcium-independent JR (Kurebayashi et al., 1980) , which was subtracted from the total JR to obtain the calcium-dependent reverse nucleotide flux. In this way contributions of adenylate kinase were corrected. (King, 1932) .
RESULTS
The dependence of the specific activities of the net and unidirectional nucleotide fluxes on the extravesicular freecalcium concentration is shown in Figs. 3 and 4 . When the calcium ionophore, A23 187, is added to the vesicles, there is a marked elevation in the net nucleotide flux that is associated with an increase in the forward nucleotide flux and a decrease in the reverse nucleotide flux. At any given pCa, the net and forward nucleotide fluxes are increased by A23 187, while the reverse nucleotide flux is diminished. This is the expected result as shown in the previous communication and agrees with previous reports (Ogawa and Kurebayashi, 1982) . In Ca-dependent ATPase activity was 0.86. Since in the presence of oxalate the Ca-dependent ATPase is the same for competent and incompetent cardiac SR (Feher and Briggs, 1980) , it follows that an assumed coupling ratio (Fig. 7) . In other words, half of the ATPase at steady state calcium uptake was due to vesicles that did not accumulate calcium. This result was due to the greater specific activity of the incompetent vesicles (Fig. 8) at any given JNET. The unidirectional nucleotide fluxes in competent vesicles were linearly related to the net nucleotide flux in these vesicles as shown in Fig. 9 .
The relations between JfandfcJFc and Jr andfcJRc are shown in Fig. 10 . In both cases the unidirectional calcium fluxes were linearly related to their respective unidirectional nucleotide flux. The slopes of the lines shown were Jf = 1.30fCJFC and Jr = 1.43fctfJRP. Linear regression on all five points gave slopes of 1.72 and 1.90 for forward and reverse unidirectional fluxes, respectively. These results suggest that the ratio of unidirectional flux ratios, (Jf/ fcJFc)/(Jr/1fJRj) will be close to unity. The calculation of this ratio depends upon the value of fJ = 1 -fc. The measured fluxes were JF, JR, JF1, and JRi. Table III . The ratio of ratios was always <1 but the average was significantly <1 only whenf < 0. 16. Our experimental estimate off: was 0.14.
During steady state calcium uptake the incompetent vesicles made a significant contribution to the observed JNET (see Fig. 7 ). This raises the possibility that at steady state the passive calcium efflux, Jp, may be perfectly balanced by an opposing net calcium flux (Jf -Jr), which is stoichiometrically coupled to the net nucleotide flux mediated by the calcium pump. The results, shown in Fig.  11 , support this view. The line drawn on this graph corresponds to a fixed stoichiometry of 1 mol Ca to 1 mol ATP hydrolyzed. The data are insufficiently precise to determine whether the stoichiometry is fixed or is an integer.
DISCUSSION
The results reported in this study bear upon five issues: (a) homogeneity of SR preparations; (b) competency of the Homogeneity Homogeneity of the SR preparations is necessary for the unambiguous interpretation of kinetic data. The vesicles could be heterogeneous with respect to size, internal calcium-binding proteins, protein/lipid ratio, lipid composition, protein composition, sensitivity to some agents, and contamination by vesicles from another membrane such as the sarcolemma. Jones and Cala (1981) reported that their crude dog cardiac SR preparation contained subpopulations that varied in their sensitivity to ryanodine. When their preparation was loaded with calcium oxalate and subjected to sucrose gradient centrifugation, 12% of the protein contained 8 ,mol mg-' calcium oxalate, while the overall load was only 0.9 ,gmol mg-' calcium oxalate. The vesicles containing 8 umol mg-' calcium oxalate could be further loaded to a total of -12 ,mol mg-' and this loading was insensitive to ryanodine. The unloaded vesicles, which constituted the major portion of crude SR protein, could take up -4 ,umol mg-' calcium oxalate in the presence of ryanodine. Levitsky and co-workers (1976) report that dog cardiac SR isolated by sucrose gradient centrifugation after calcium oxalate loading will accumulate -15 ,umol mg-'. Our dog cardiac SR preparation, without previous loading with calcium oxalate, had a capacity of 13 ,umol mg-' (see Fig. 6 ), and 86% of the recovered protein was recovered in the calcium-loaded fraction. The capacity of our SR preparation is 0.86 times that of SR from Levitsky and co-workers (1976) , suggesting that competent SR vesicles are comparable between our two laboratories.
Kinetic criteria for homogeneity of vesicles has been described by Hopfer (1981) . According to Hopfer's view, if the isotope exchange of transported ligand across the membrane obeys a single exponential at two different conditions, then homogeneity of vesicles may be assumed. We have observed that Ca0-Ca; exchange obeys a single exponential (see Fig. 1 ) and that a single exponential is observed when pCa is varied from 6.6 to 5.0, where the rate of exchange varies markedly. The observations that exchange obeys a single exponential and that the major portion of the vesicles load with calcium oxalate suggest that the cardiac SR preparation we used was functionally homogeneous. Our preparation may, however, represent some subpopulation of the total myocardial SR.
Competency of the Isolated Cardiac SR
It is assumed in the analysis of the data that the nucleotide fluxes that occur between states of the enzyme are accompanied by calcium fluxes. This assumption is made for the incompetent as well as the competent vesicles. The problem is that the calcium fluxes are not expressed in incompetent vesicles because incompetent vesicles do not accumulate calcium. Therefore, the nucleotide fluxes associated with these nonexpressed calcium fluxes must be subtracted from the total nucleotide fluxes before associations between nucleotide and calcium fluxes can be made. Only totally incompetent vesicles are of concern because it is only these vesicles in which calcium fluxes cannot be measured. We have identified these vesicles by their inability to produce a calcium gradient sufficient to induce oxalate crystallization, i.e., by their inability to load with calcium oxalate. The fraction of vesicles that we found incompetent by oxalate loading was 14%, a value similar to the 15-25% reported by Chevallier et al. (1977) mated. In terms of the decision about the sequence of adsorption and desorption of calcium and nucleotides, the above-mentioned ratio is conservative since a lower value of the ratio has a greater significance.
Apparent Coupling Ratios
The apparent coupling ratios Jf/lf,Fc and Jr/fcJRc were 1.27 and 1.48, respectively (Fig. 10) , for cardiac SR. These ratios are apparent coupling ratios in the best sense for they represent unidirectional fluxes in competent vesicles only. Analyses of the origin of these ratios in the preceding paper (Feher, 1984) indicates that they need not be integers nor are they necessarily constant. They are not necessarily integers because the unidirectional nucleotide and calcium fluxes occur over different sets of intermediates.
The ratio of Jr/f,JR& for cardiac SR, 1.43, is strikingly different from the ratio Jr/JR of 0.172, which can be calculated from the data of Ronzani et al. (1979) and Waas and Hasselbach (1981) or the ratio of 0.188 reported by Takenaka et al. (1982) for skeletal SR. The ratio Jr/fcJR& was chosen for comparison because JR is not greatly affected by the presence of incompetent SR (Fig.  4) . The values of Jr in this study ranged from 20-400 nmol min-' mg-', depending upon conditions, and are similar to those reported by Waas and Hasselbach (1981) , 310 nmol min-' mg-', and Takenaka et al. (1982) , 245 nmol min-' mg-' for skeletal SR. The difference in the ratio of Jr/JR in cardiac as compared with skeletal SR is due to the much greater JR in skeletal muscle as compared with cardiac muscle when ATP and ADP are the nucleotides involved in exchange. When the ratio Jr/JR is calculated from the papers by Ronzani et al. (1979) and Waas and Hasselbach (1981) for GTP and GDP as substrates, a ratio of 1.18 is obtained. Thus the numerical values for Jr/JR depend both on the source of the SR and the nucleotide supporting calcium transport. Waas and Hasselbach (1981) and Takenaka et al. (1982) conclude that a large reverse nucleotide flux must take place independent of calcium flux because the ratio of these fluxes exceeded 2 by a considerable factor. In reaching this conclusion these authors failed to take into consideration that the calcium and nucleotide fluxes do not occur over identical set of intermediates. Their data is, in fact, compatible with Scheme A of Feher (1984) .
Order of Binding and Desorption of ATP, ADP, and Ca For a reaction cycle with no branched pathways, the ratio of unidirectional calcium and nucleotide flux in either direction or the ratio of these ratios in the forward and reverse directions can be used to evaluate various sequences. The following four sequences are considered by Feher (1984) .
Cao ATP ADP Cai Scheme B:
Cao ATP Cai ADP Scheme C: ATP Cao ADP Cai Scheme D:
ATP Cao Cai ADP 1 2 3 4 5 The ratio Jr/JR must be less than or equal to n, the coupling ratio, for Scheme A. For Scheme D, Jr/JR must be greater than or equal to n. For skeletal SR, where n is apparently 2 (see Berman, 1982 , for review), Scheme A is compatible with the values calculated above for Jr/JR. For cardiac SR, where n may be 1 (Chamberlain et al., 1983) , Schemes B, C, and D are compatible with the observed value of Jr/lfJR,.
The value of (Jf/f JFJ)/(Jr/f,JR,) also varies with the binding sequence considered. Sequence A requires (Jf/ f,JFj)/(Jr/f,JRj) > 1.0, while sequence D requires 0 < (Jf/fcJFc)/(Jr/LfJRj) < 1.0. The value of the ratio of ratios for sequences B and C could be either < or > 1. The observation was that (Jf/lfJFc)/(Jr/fcJ&) was <1 (see Table II ). From this we also infer that sequence A is not a possible description of the mechanism of the Ca pump in cardiac SR. Sequence B and D are not likely because they require that Ca desorb before ADP. Evidence against this possibility is reviewed in the preceding paper (Feher, 1984) . Sequence C is thus the only linear sequence compatible with the data and distinguishes cardiac SR from skeletal SR, where sequence A is the most probable linear sequence.
The reaction sequences we have considered are clearly simplifications of the actual reaction mechanisms. Random binding of ATP, Cao, and desorption of Cai and ADP would provide all four binding sequences in a single mechanism. The observed ratio of ratios would then suggest that sequence A was followed less often than C in cardiac SR.
Stoichiometry of the Calcium Pump
The term coupling ratio should be reserved for the ratio of net fluxes. The coupling ratio of the calcium pump would be the net calcium flux mediated by the pump divided by the net ATPase mediated by the pump in competent vesicles. At steady state calcium uptake, the total net calcium flux is zero. This is the result of a balance between net calcium influx by the pump and passive calcium leak parallel to the pump. In previous publications (Feher and Briggs, 1982; we have documented that the passive efflux, Jp, at steady state can be evaluated as the initial efflux after EGTA quench of the Ca-ATPase activity. Hara and Kasai (1977) measured calcium efflux from skeletal SR in this way and compared it with the total Ca-ATPase activity. If the coupling ratio were 2.0, then JNET should be 1/2 Jp. The observed JNET was much larger than 1/2 Jp, and, in fact, was usually much larger than Jp. We have also observed that JNET is usually much larger than Jp in cardiac SR vesicles. Berman addresses this issue in his review (Berman, 1982) in which he indicates that the nonintegral values of calcium uptake rate/ATP hydrolysis rate can be explained by slippage of the pump, passive leaks or a subpopulation of incompletely sealed vesicles. Hara and Kasai (1977) accounted for the leak and still observed a low stoichiometry that they attributed to poorly estimated data. In one view, this could be taken as evidence for slippage of the pump, in which the pump possesses an inherently variable stoichiometry. The evidence presented in this paper, however, suggests that a small population of incompletely sealed vesicles is responsible for contributing ATPase activity but no observable calcium fluxes. When the total ATPase activity is corrected for this uncoupled activity, the net ATPase of the competent vesicles is on the same order as the passive calcium efflux (Fig. 11) . This implies that the calcium pump remains tightly coupled even under conditions of steady state uptake, or static head. Taken together, our data suggest that the Ca-ATPase activity of cardiac SR remains tightly coupled to calcium transport even at steady state uptake conditions. Under these conditions, the pump slows in order to balance a parallel passive leak of calcium.
The coupling ratio appears to be close to 1.0.
